Faecal nitrogen (FN) concentration is used as a marker for habitat quality and digestive efficiency in free-ranging herbivores. In herbivores, FN can be separated into undigested plant N (analysed as the N concentration of the neutral detergent residue) and metabolic faecal N (MFN). It has been suggested that by differential analysis of the faecal fibre-bound N, the MFN fraction can be further split into a bacterial N and an endogenous N fraction [Hesta et al., Br. J. Nutr. 90 (2003) 1007]. We applied these methods to 96 faecal samples of 48 mammalian herbivore species from zoos. Species were grouped into coprophageous and noncoprophageous hindgut fermenters and ruminating and non-ruminating foregut fermenters. Diet was not controlled. The FN decreased with body mass, possibly reflecting higher proportions of concentrates in diets of smaller animals. The proportion of MFN increased with FN, indicating that higher quality food might enhance the gastrointestinal bacterial flora. The only outlier to this pattern was the lesser panda (Ailurus fulgens), confirming the low relevance of fermentative digestion in this herbivorous 'carnivore'. No relevant differences between the four digestion types were noted. The proportion of endogenous faecal N (32-80% of FN) was always higher than that of bacterial faecal N (7-30%), which contradicts basal understanding of herbivore digestive physiology. Thus, the method of Hesta et al. (2003) does not appear applicable to herbivores. While the results do not exclude the possibility that detailed differences might occur between digestion types, they indicate a high degree of similarity between herbivores that rely on bacterial fermentation, regardless of their digestion type, with respect to metabolic faecal losses. Thus, the method of Hesta et al. (2003) does not appear applicable to herbivores. While the results do not exclude the possibility that detailed differences might occur between digestion types, they indicate a high degree of similarity between herbivores that rely on bacterial fermentation, regardless of their digestion type, with respect to metabolic faecal losses.
Summary Faecal nitrogen (FN) concentration is used as a marker for habitat quality and digestive efficiency in free-ranging herbivores. In herbivores, FN can be separated into undigested plant N (analysed as the N concentration of the neutral detergent residue) and metabolic faecal N (MFN). It has been suggested that by differential analysis of the faecal fibre-bound N, the MFN fraction can be further split into a bacterial N and an endogenous N fraction [Hesta et al. 2003 , Br. J. Nutr. 90, 1007 -1014 . We applied these methods to 96 faecal samples of 48 mammalian herbivore species from zoos. Species were grouped into coprophageous and non-coprophageous hindgut fermenters and ruminating and nonruminating foregut fermenters. Diet was not controlled. The FN decreased with body mass, possibly reflecting higher proportions of concentrates in diets of smaller animals. The proportion of MFN increased with FN, indicating that higher quality food might enhance the gastrointestinal bacterial flora. The only outlier to this pattern was the lesser panda (Ailurus fulgens), confirming the low relevance of fermentative digestion in this herbivorous "carnivore". No relevant differences between the four digestion types were noted. The proportion of endogenous faecal N (32-80 % of FN) was always higher than that of bacterial faecal N (7-30 %), which contradicts basal understanding of herbivore digestive physiology.
Thus, the method of Hesta et al. (2003) does not appear applicable to herbivores. While the results do not exclude the possibility that detailed differences might occur between digestion types, they indicate a high degree of similarity between herbivores that rely on bacterial fermentation, regardless of their digestion type, with respect to metabolic faecal losses. 
Introduction
The analysis of faeces for nitrogen (N) has been widely used as an indicator of habitat quality (e. g. Sinclair et al. 1982; Chapman et al. 2005) , or of digestive efficiency (e. g. Mésochina et al. 1998; Lukas et al. 2004) , for a long time. The underlying theory is that in herbivores, who always rely on the fermentative action of symbiotic gut bacteria, faecal N concentration reflects mainly the faecal bacterial concentration, which is higher the more digestible the diet is.
It has been postulated that the accuracy of this analysis might be increased by separating residual (undigested) food N from metabolic faecal N (MFN, consisting of bacterial and endogenous nitrogen). MFN is usually determined as the difference between faecal N (FN) and the N concentration in the faecal neutral detergent fibre (NDF) (Mason 1969) . The N bound to the cell wall fraction (NDF residue) in the faeces (NDF-N) is considered to be of plant origin and, due to its binding to cell wall components, unavailable for the animal. In contrast, N from bacteria and endogenous losses will not be bound to the faecal cell wall fraction. The important assumption of this theory is that any forage-derived N that is not bound to the cell wall fraction of the forage will have been digested, either by the gut bacteria, or by the host organism itself.
The assumption that the difference between FN and NDF-N reflects mainly N derived from bacteria has been empirically supported by comparisons of the calculated MFN with results from analyses aimed directly at bacterial components, such as purines/ribonucleic acid, bacterial diaminopimelic acid, or microscopic bacterial counts (Mason 1979; Mass et al. 1999) , and in one herbivore study, MFN was correlated to faecal volatile fatty acid concentration (Clauss et al. 2005) . Given that the effort required for other analyses is higher than that of the routine NDF and N analyses, NDF-N is considered an attractive alternative for the determination of MFN. It has been suggested that FN can further be separated into N of plant, bacterial and host animal origin by the use of an additional, modified NDF analysis, for which N is determined in the residues of the NDF procedure with or without the use of sodium dodecyl sulphate as ingredient of the detergent solution (Hesta et al. 2003) . Such an easy way to differentiate between the different N fractions in the faeces of herbivores would be a promising tool for the study of herbivore nutritional ecology. The method was applied during a feeding trial with plains viscachas (Lagostomus maximus) (Besselmann 2005 ; samples analysed by the Laboratory of Animal Nutrition of Ghent University, Belgium; cf. Table 1 ) and appeared to reflect changes in dietary quality, with lower proportions of plant-and bacteria-derived N on a grain-based as compared to a forage-only diet; it was speculated that the higher proportion of endogenous protein might reflect an increased secretion of digestive enzymes due to the increase in dietary starch concentration. The low proportion of allegedly bacteria-derived N in these animals (7-28% of FN) appeared to be consistent with the digestive strategy of viscachas: these animals are coprophageous (Clauss et al. 2007a) . Coprophageous animals selectively retain gut bacteria in their caecum Sakaguchi 2000, 2006) by a variety of colonic separation mechanisms (Hume and Sakaguchi 1991) , in order to excrete them in the caecotrophic faeces that are then re-ingested; hence, a low excretion of bacterial protein would be expected in coprophageous animals. Actually, a low absolute FN excretion has been used as a criterium to decide whether a species is coprophagic or not (González-Jiménez and Escobar 1975) .
In order to test the suitability of this method for the comparative evaluation of digestive strategies in herbivores, we performed a study on the FN fractionation of zoo herbivores, using the method of Hesta et al. (2003) , without especially controlling for the diets fed. In particular, we predicted that 2. Certain non-ruminating foregut fermenters that lack a distal fermentation chamber in the colon (i. e., hippopotamuses, sloths) should excrete less MFN and bacterial N than foregut fermenters with a distal fermentation chamber (e. g. ruminants, colobine monkeys, macropods, peccaries) or non-coprophageous hindgut fermenters (cf. Schwarm et al. 2006 ).
Methods
Ninety-six faecal samples from 48 mammalian herbivore species (see Table 2 ) were used for this study. Samples were taken in five different zoological institutions. Species were classified as either coprophagic (rodents) or non-coprophagic hindgut fermenter (primates and ungulates) or ruminating (artiodactyls) or non-ruminating foregut fermenter (primates, sloth, macropods, artiodactyls) according to Stevens and Hume (1995) and the herbivorous carnivore, the lesser panda (hindgut fermenter). If possible, individual faecal samples were used; especially in the smaller species, group samples had to be taken. The number of (individual or group) samples from which the species average was calculated is given in Table   2 . The diet of the animals was not controlled and consisted of the diet usually fed to them at their respective institution, with varying proportions of forages, fruits, vegetables, or concentrate feeds. The components of the individual diets are listed in Table 2 .
Fresh faeces were either stored frozen until further processing, or were dried at once. the residues were rinsed with water (two times for 5 minutes with boiling water plus 4 ml alpha-amylase, a third time without the enzyme) and subsequently with acetone to accelerate the drying process. For the detergent analysis without SDS the samples were submitted to a similar boiling procedure, but, according to Hesta et al. (2003) , without the sodium dodecyl sulphate ingredient in boiling solution; according to these authors, the residue thus produced should still contain bacterial N. Two samples of each NDF residue were ashed at 550°C to correct for anorganic substances in the NDF residue; another two samples were used for N analysis as described above. The different FN fractions were thus calculated according to the The body mass of the different species (Table 2) was either estimated in the individuals from which the samples derived, or were taken from various sources from the literature.
Species were classified into digestion types (coprophageous and non-coprophageous hindgut fermenters, ruminating and non-ruminating foregut fermenters) according to Stevens and Hume (1995) .
As a plausibility test, the OM digestibility was calculated on the basis of FN using 
Results
The results are summarized in Table 3 (Table 4) .
If the respective ANCOVA was applied to three groups -the non-ruminating foregut fermenters that lack a distal fermentation chamber in the colon (i. e., hippopotamuses, sloths), the foregut fermenters with a distal fermentation chamber (e. g. ruminants, colobine monkeys, macropods, peccaries), and non-coprophageous hindgut fermenters (e.g. equids), then no significant difference in their proportion of MFN (% FN) was found (p=0.102, Table 4 ). (Fig. 2) . Again, the proportions of residual Table 4 ). The latter results might, however, potentially be due to the small sample size (4 species in each group).
Discussion
Our results indicate that the method of Hesta et al. (2003) does not appear suitable for the differentiation of the endogenous and bacterial fractions of MFN in herbivore faeces. In particular, the method that is supposed to yield data on the proportion of bacterial N in the FN Table 1 and 3 are at severe odds with this finding. This means that with the method used (Hesta et al. 2003 , this study), a relevant proportion of bacterial N must be not only in the NDF without SDS N residue, but also extracted in the NDF without SDS N eluate. In other words, the addition of SDS cannot be the only factor responsible for the removal of bacterial protein during the detergent fibre analysis. Further methodological work should elucidate what fraction of the gut microflora is actually retained by the method of Hesta et al. (2003) , and whether its results can be useful on a comparative level in carnivores. One possible reason for a difference in the suitability for herbivores and carnivores could lie in the proportion of Gram-positive and Gram-negative bacteria in the microbial flora. Due to differences in cell wall structure, these two groups differ in their susceptibility to lysis by different chemicals such as detergents (Baker et al. 1941) or to lysozymes (Domíngues-Bello et al. 2004) , with Gram-positive organisms usually being more susceptible. As Gram-positive bacteria represent the major part of the fibre-degrading microflora (Stewart et al. 1997 , Dehority 2003 , it can be assumed that they represent a larger proportion of the overall microflora in herbivores than in carnivores. Table 1 , 3) that are in accord with the findings of Mason (1969 Mason ( , 1979 , the interpretation of Van Soest (1994) , and similar investigations on captive wild herbivores (Clauss et al. 2005; Clauss et al. 2006; Schwarm et al. 2006; Clauss et al. 2007b Mason and Milne (1971) and Mason and White (1971) produced experimental evidence in sheep that bacterial cell walls and mucopeptides synthesized in the rumen were extensively degraded in the caecum and colon. To our knowledge, this matter is still unsolved. We had predicted that those species without a separate fermentation chamber in the hindgut (hippopotamus, sloth) should have lower MFN due to the presumed absence of bacterial activity beyond the small intestine. In contrast to the Schwarm et al. (2006) of data on hippopotamus with literature data, no difference between hippos/sloths and other foregut fermenters that also have a distal fermentation chamber were evident in our dataset. Therefore, if this aspect of comparative herbivore physiology should be further investigated, controlled feeding studies using identical feeds for all herbivore groups should be performed.
Correlations between measured parameters and estimated body mass in our dataset are probably effects of differences in diets offered to small and large animals in a zoo setting, with larger animals receiving a higher proportion of (less easy to digest) roughages. In contrast, smaller animals such as primates, small ruminants or sloths are usually offered diets with a higher proportion of easier-to-digest fruits, vegetables and concentrate feeds. Thus, because FN has been shown to correlate with overall diet digestibility in a variety of species (Hodgman et al. 1996; Mésochina et al. 1998; Boval et al. 2003; Lukas et al. 2004) , the decrease in FN with body mass (Fig. 1 ) most likely reflects this difference in the diet offered and underlines that physiological comparisons have to be made on a similar diet fed to all animals. In practice, however, due to varying acceptance of different food items by animals of a high taxonomic variety as in this study, this might be very difficult to achieve.
The correlation between the FN and the MFN (Fig. 2 ) also underlines that diets of a presumably higher digestibility (leading to higher FN) also enhance bacterial growth (increasing MFN); therefore, we have to suspect that any other correlation in our dataset, such as between body mass and MFN, would also be an effect of the different diets fed. However, it should be noted that in Fig. 2 , there is no systematic deviation of certain digestion groups.
For example, we had predicted that due to the practice of coprophagy, MFN should be generally lower in coprophageous hindgut fermenters such as rodents or lagomorphs; no such pattern was evident. Similarly, there was no evident systematic difference between ruminants and large hindgut fermenters, or between the ungulate herbivores and the primates (Fig. 2) .
The only evident outlier from the general mammalian herbivore pattern in our data collection was the panda. Pandas belong to the taxonomic group of the carnivora, and appear poorly adapted to their herbivore diet. The very low fibre digestion coefficients reported for both giant (Ailuropoda melanoleuca) and lesser (Ailurus fulgens) pandas (Dierenfeld et al. 1982; Wei et al. 1999) can be explained by inefficienct mastication (Sanson 2006) , a very fast ingesta passage, offering little time for bacterial fermentation (Dierenfeld et al. 1982; Wei et al. 1999) , and a microbial gut flora that differs from that of other herbivores (Hirayama et al. 1989; Wei et al. 2007) . In correspondence to these findings, the lesser panda investigated in this study had only very low levels of MFN (Fig. 2) , indicating the low relevance of bacterial fermentation in this species.
While subtle difference could be expected between the different digestion types if all animals were fed an identical diet, our "rough" data indicate that the different herbivore taxa all have evolved a similar degree of efficiency of bacterial fermentation and FN partitioning (Fig. 2) . Whether this is due to general characteristics of bacterial fermentation, or actually a case of convergent evolution via particular, differing adaptations in different herbivore species, would have to be investigated in comparative trials in which typical adaptations (such as coprophagy in small herbivores, or -more invasively -additional hindgut fermentation in foregut fermenters) are artificially prevented.
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